Molecular dynamics simulations of the shape-memory effect are carried out to investigate the atomistic behavior during deformation and shape-recovery processes. The embedded-atom-method potential function and parameters for Ni-Al alloy are applied. The initial configurations of atoms are set on the lattice points of the martensite structure, in which the distribution of the variant orientation is limited to the two-dimensional direction for simplicity. When the shear load is imposed toward the x direction, parallel to the variant interface, the deformation of the variants occurs, and finally, all variants settle into the uniform orientation. The deformed state is maintained after the load is released, and the original shape is recovered through heating and cooling processes because of phase transformation to bcc and martensite. In the loading process, the stress-strain curve exhibits a zigzag shape consisting of repeated stress increase and abrupt release. The interval of the stress peaks is revealed to be smaller as the model size becomes larger. Deformation observed in variant layers seems to occur at the same time at every points in the layer for a small model. However, the simulation with a large model indicates a nucleation and propagation behavior in each layer.
Molecular Dynamics Simulations of Shape-Memory Behavior
Based on Martensite Transformation and Shear Deformation
Introduction
The shape-memory effect is one of the most typical phenomena in which the microscopic structure of the material influences the macroscopic behavior. The simulation model for the shape-memory effect has been developed by Tanaka and Nagaki (1) based on the constitutive equations of the continuum mechanical framework, and the numerical analyses by the finite element method have successfully demonstrated the deformation of shape-memory materials. Such volumetrically averaged properties, however, miss the microstructure-based phenomena. Therefore, a model that directly considers the microstructure in the material is required.
At the atomistic level, the shape memory behavior is related to the phase transformation and deformation of martensite variants. The schematic illustration is shown in Fig. 1 . In this typical mechanism of shape-memory alloy (SMA), the bcc structure is stable at high temperature. When it is cooled to a low temperature, phase transformation to martensite, which consists of randomly orientated variants, occurs. When external force is imposed on the model, macroscopic deformation is induced by the change in direction of the variants. This process is irreversible, except for elastic recovery, and a permanent deformation is generated. The original shape with randomly orientated martensite variants is recovered through heating and cooling processes. Once the phase transformation to bcc occurs upon heating, the direction of all variants is reset, which are again oriented randomly during martensite transformation upon cooling.
While the aforementioned mechanism is well known, the direct in-situ observation of the atomistic process has not been demonstrated yet due to the difficulty of ex- Table 1 EAM parameters for Ni and Al in units of eV for energy and Å for length (I) Fig. 1 Illustration of the shape-memory effect related with martensitic transformation tremely small length and time scales. Therefore, computer simulations are expected for clarifying the mechanism, and the molecular dynamics (MD) method is considered to be suitable for this purpose. As an example of SMA, we focus on Ni-Al alloy, since several researchers have reported MD simulations of martensite structures. For example, Foiles and Daw (2) , and Chen et al. (3) have demonstrated the stable structure of Ni 3 Al by using the embedded-atom-method (EAM) potential function with suitable parameters (4) , (5) . Rubini and Ballone (6) and Farkas et al. (7) have also reported that the bcc and martensite structures are reproduced using the EAM potential. Hence the authors have performed molecular dynamics simulations of the shape memory effect using the EAM potential, by applying a series of loading, unloading, heating and cooling to a simple model (8) - (10) . However, only a small model was used in previous studies, and the influence of the model size was not clarified. In this study, therefore, we extend the simulation by using models of different sizes, and discuss the size dependence of the stress-strain curves. The local deformation process in the martensite variants is also demonstrated.
Molecular Dynamics Method
In the classical molecular dynamics method, the following Newton's equation of motion for every atom in the system considered is numerically solved. 
Here, f i is the force acting on the i-th atom, Φ is the potential energy of the system, and m i and r i are the mass and position vector of the i-th atom, respectively. Using the embedded atom method, the potential energy Φ is expressed as follows:
Here, the first term is the many-body term with the embedding function F as a function of the local electron density ρ i around the i-th atom, which is assumed to be expressed by
Here, N s , N d , C I , ζ I and n I are the parameters depending on the species of the atom; those for several metals have been listed by Clementi and Roetti (11) . We take the parameters for Ni and Al from their list, as shown in Tables 1 and  2 , in which the values are given in units of eV and Å.
In order to determine the embedding function F, the universal function proposed by Rose et al. (12) is applied, and the following function is derived:
where k 1 , k 2 , and k 3 are the parameters for Ni or Al, as listed in Table 1 . The second term of Eq. (2) is a two-body term as a function of the distance between two atoms r i j , which is represented by
Here, Z 0 , β, ν and α are the parameters for Ni and Al, which are also listed in Table 1 .
Simulation Model and Conditions

1 Preliminary simulations
The set parameters in the previous section have been revealed to represent both the bcc and martensite phases between the Ni contents of 60% to 70% (9) , (10) . Figure 2 (a) and (b) illustrates the configuration of atoms in the stable structure at low temperatures for Ni contents of 60% and 68%, respectively. The crystal structure for 60% Ni is body-centered cubic, and that for 68% Ni is a slightly inclined structure, which we call "martensite" in this study. The unit cell of each structure is illustrated in Fig. 3 . The base square of the unit cell in the x-y plane is identical for both structures, while the atoms in the middle layer are slid to the left along the x axis, forming inclined layers, which we call "variant" in this study. This inclined direc- tion is random, and the configuration in Fig. 2 (b) exhibits randomly accumulated variant layers, while the direction is consistent within each layer. In our preliminary simulations (10) , the dependence of the structure on temperature was also investigated. The martensite structure was, consequently, revealed to be stable at low temperatures, while the bcc structure is stable at high temperatures. This feature is most marked at around 68% Ni. This results are qualitatively consistent with those of experiments, and, therefore, we use the 68% Ni model in the shape-memory simulations. Figure 4 shows the profile of the simulation conditions. A series of simulations, consisting of 40 000 time steps, is divided into 4 stages: I. loading, II. unloading, III. heating and IV. cooling. In the loading stage I, shear deformation of the simulation model is forcibly imposed Fig. 4 Profile of the applied simulation conditions by tilting the y axis of the model toward the x direction until the shear strain γ xy reaches 0.33. The length of the edges along all directions are adjusted so that the axial stress component is kept at zero. The temperature of the system is controlled to be constant at T = 10 K by the velocity-scaling method. In the unloading stage II, the stress is released using the Parrinello-Rahman (PR) algorithm (13) , (14) at constant temperature. The model is allowed to change its shape such that all stress components including shear are zero. During the heating process, stage III, the temperature is raised continuously to T = 1 000 K by the velocity-scaling method. The peak temperature, T h = 1 000 K, which should be sufficiently above the transformation temperature from martensite to bcc, is chosen on the basis of the results of the preliminary simulations. Finally, the model is cooled to the initial temperature of T = 10 K in stage IV. The stress is controlled to be zero by the PR method during heating and cooling processes.
2 Model and conditions
Since we assumed the process corresponding to the illustration in Fig. 1, a simple model was applied in our previous simulations (9) , (10) , where the size of the model was 6 × 6 × 6 unit cells. In this study, we apply larger models, one of which is twice longer in the y direction (L model), and another which is three-times wider in the x direction (W model), as shown in Fig. 5 . The atoms are placed on the lattice points of the martensite structure. Periodic boundary conditions for all directions are applied, and the time increment is chosen to be 1.5 fs. Figure 6 represents the configuration of atoms through a simulation from stages I to IV with the L model, and Fig. 7 shows the stress-strain (S-S) curve for the corresponding processes.
Results and Discussion
1 Shear loading and unloading processes
When the shear strain is imposed on the model from the 2 000th time step, shear stress arises, as shown in Fig. 7 , because of the elastic deformation. When the stress reaches about 2.5 GPa, it is abruptly released. As the strain is continuously imposed, the stress again starts increasing, and drastic release occurs again while the stress level is lower than that at the first drop. Similar behavior of the S- Fig. 7 Stress-strain curves in loading, unloading, heating and cooling processes, which indicate the shape-memory effect S curve, gradual increase and abrupt release, is observed repeatedly. The interval is almost constant, and the peaks of the stress rise as total strain becomes greater. This stress release is related to the deformation of the variant layers. At the initial configuration in Fig. 6 (a) , the same number of variant layers are orientated to the right and left directions, and in the early stage, only elastic deformation is observed. However, in Fig. 6 (b) , after the stress release, several layers exhibit the opposite direction from the original state, while the angle of the incline remains constant. The number of deformed layers increases as strain becomes greater, and finally, a singlevariant martensite structure with a large deformation is obtained, as shown in Fig. 6 (d) .
In the unloading process, the stress-control method is changed to the Parrinello-Rahman method. Then, the strain recovers slightly with an almost linear response of the stress, as shown in Fig. 7 . This behavior clearly corresponds to elastic recovery, and a permanent strain remains.
From the results for stages I and II, this model is concluded to be in good agreement with the overall deformation process illustrated in Fig. 1 , while atomistically specific behavior is observed.
2 Heating and cooling processes
When the temperature of the model is raised to T = 1 000 K, the martensite structure transforms to the bcc structure. Since the bcc structure is homogeneous isotropic cubic, the shape is independent of the direction of the variant layers before the transformation. Therefore, the model is restored to the original undeformed state. The S-S curve shows the shift from γ = 0.25 to 0 with the stress kept at zero, except for fluctuation due to thermal vibrations.
In the cooling stage, martensite transformation occurs with random generation of variant orientation. Therefore, total deformation does not occur. This corresponds to the shape recovery upon heat treatment depicted in Fig. 1 .
3 Size dependence of S-S curve
In order to show the size dependence of the results, the stress-strain curves are shown in Fig. 8 , in which the solid line is the result for the previously used small model (model (a) in Fig. 5 ), and the dashed line is for the L model in this study. The gradients of the curves in the early stage are identical to each other, which indicates that the elastic modulus is independent of the model size. The initial stress peak is slightly higher for the larger model, while the outlines of the S-S curves show similar tendencies with repeated gradual stress increase and abrupt release. However, the interval of stress release and the step height in the S-S curve are smaller for the larger model. This tendency indicates that the zigzag S-S curve on the atomistic scale approaches a continuous one on the macroscale as the model size becomes larger. Since the random selection of Al atoms is introduced to achieve the 68% Ni composition, the arrangement of the Ni and Al atoms differs in each trial. Figure 8 (b) represents the dependence on the initial arrangement. The peaks and intervals in the loading curve differ for each trial, while the initial gradients of the curves coincide completely. By taking the average of the trials, however, the S-S curve is considered to approach the continuous curve obtained experimentally.
4 Deformation in variant layer
In the previous model and the L-model in this study, the width, or the length of the edge along the variant layer direction, is small, and the deformation in one layer occurs instantaneously. On a large scale, however, simultaneous deformation is energetically difficult. Therefore, a simulation with a three-times wider model (W model in Fig. 5 ) is carried out, and the result for the loading process is illustrated in Fig. 9 . The atoms are shaded corresponding to the angle of the layer. When the layer above and below an atom is in opposite directions, the atom is black or white, and when the layers are in the same directions, the atom is gray. Since the initial martensite layers tilt to the right and left in turn, black and white layers are alternately stacked, as shown in Fig. 9 (a) . During elastic deformation, nothing happens. At the 35 000th step, the deformation is initiated at a part in the middle layer, which is shown in Fig. 9 (b) by the color of the left half of the layer becoming gray while the color of the right half remains black or white. This deformed region propagates, and finally, the deformation in the layer completes by the 40 000th step. Similar initiation and propagation occur repeatedly until all layers in the model takes the same direction.
Concluding Remarks
Molecular dynamics simulations of the shape memory effect were carried out. Overall, a good agreement with a given mechanism was demonstrated, while atomistically, the following results were obtained in this study: Deformation was revealed to occur based on the change in the orientation of variant layers in the martensite phase, and to proceed layer by layer. The stress-strain curve then showed a zigzag shape with oscillation, and the interval of the peaks in the zigzag curve became smaller as model size increased. This kind of oscillation was also observed experimentally (15) , although it was much smaller. This difference between MD and macroscopic experiments is, however, expected to be reduced by using a larger model, as inferred from Fig. 8 (a) . The in-layer deformation of the martensite phase was also discussed, and the deformation was revealed to be partially initiated and to propagate in the layer in a short time.
Finally, we summarize the points to be improved in future work. The martensite structure is not completely identical to the real structure in Ni-Al alloys. Comparison with the experimental data of the structure, as well as quantitative evaluation of thermophysical properties, such as transformation stress and temperature, should be carried out to discuss more precise behavior. The application of the herein presented method to other shape-memory alloys such as Ni-Ti is also expected (16) . As mentioned in section 4, the model-size dependence is obvious, and the model in this paper is still too small. In a real martensite phase, grains and variants are randomly distributed, and complicated behavior at the grain boundary and variant interface must be considered. Nevertheless, the atomistic behavior obtained in this study is worthwhile in understanding of mechanism and applicable to design of nanodevices using shape memory alloys.
